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Abstract

In the next-generation wireless network, user profiles such as the location, the velocity (both
speed and direction), and the resource requirements of the mobile device can be accurately
determined and maintained by the network on a per-user basis. We investigate the design
of a differentiated-services architecture which exploits user profiles to maximize the network
efficiency and which supports differentiated service classes, each with different Quality-of-Service
(QoS) guarantees. In this paper, we provide implementation guidelines of such an architecture
for the Third-Generation Partnership Project (3GPP) network. The key underlying primitive of
the architecture is the use of user profiles to perform advance resource reservation in target cells
of the wireless cellular network. We identify the design tradeoffs and present performance results
for an architecture consisting of two service classes, namely (1) a higher-cost profiled service
with higher QoS, and (2) a lower-cost non-profiled service with best-effort QoS. Qur analysis
indicates that a significant decrease in the dropping probability! — and, hence, higher QoS —
can be guaranteed to users who subscribe to the profiled service. We examine the tradeoffs
associated with some of the key system parameters including the reservation distance and the
reservation granularity, and we determine their values which maximize the improvement in the

dropping probability for all users.

Keywords and Phrases: Wireless network, Quality of service, Differentiated services, User

profile, Dropping probability, Call handoff control, Resource-reservation algorithm.

'Dropping probability is the probability that an admitted call fails due to an unsuccessful handoff.
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1 Introduction

The next-generation wireless network [1, 2, 3] will support a rich set of multimedia applications
similar to those available in wired networks. To achieve the goal of providing high-quality multi-
media services to anyone, anywhere, and at any time [4], network designers will need to implement
new techniques that can support Quality of Service (QoS) while accounting for limited bandwidth
and for the delay and error characteristics of the wireless network [5]. To support and guarantee
QoS, the next-generation wireless network must implement a differentiated-services architecture.
This architecture would contain multiple service levels, each with a different QoS guarantee.

Implementing a differentiated-services architecture in a wireless network is complex due to
both changes in the resource requirements of the mobile device and the user mobility. Resource
requirements may change depending upon changes in the mobile device. For example, a user
switching to her laptop from her palmtop might request higher bandwidth from the network. User
mobility requires that the network guarantee resources spatially as the user moves across the wireless
network.

User mobility in wireless networks has been characterized by random-walk or Brownian-motion-
based mathematical models [6, 7, 8, 9]. In reality, however, user mobility has a much higher degree
of predictability due to temporal and spatial locality. Temporal locality refers to the fact that a
mobile user typically takes predictable routes, which implies that a user will typically cross the
same set of cells at predictable times in a wireless cellular network. For instance, a mobile user
will typically follow the same path to work in the morning, and the reverse route back home in the
evening. Spatial locality refers to the fact that user mobility is constrained along pathways and
highways which results in a mobile user crossing the cells in an ordered sequence determined by
the manner in which these pathways intersect the cellular coverage area.

Recently, with the FCC E-911 mandate, location-based services have become top priority for cel-
lular service providers. The technology strives to deliver personal, time-critical, location-dependent
information to the user, such as route directions, current traffic conditions, tracking other family
members, and local facilities-based services. Due to this growing market, a number of different
methods to accurately determine the location of a mobile user have evolved. Advances have also
been made in velocity-estimation algorithms [10]. Moreover, due to the strong interplay between
the different layers — physical, data link, network, and applications layers — of a wireless network,
it is possible to accurately determine the resource requirements of the mobile device.

The real-time and aggregate values of a user’s mobility and resource requirements are known
as the “user profile”. The goal of our study is to investigate the design and implementation of

a user-profile-based differentiated-services architecture for the next-generation wireless network.
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Specific implementation details have been provided for the Third-Generation Partnership Project
(3GPP) [3] cellular network architecture, but should translate easily to most other wireless archi-
tectures as well. We have studied the performance benefits of our proposed approach in a network
with two types of users - (1) profiled users who subscribe to a higher-cost profiled service which
guarantees higher QoS and (2) regular (non-profiled) users who receive best-effort service. We
observe that the network provides improved QoS to profiled users by significantly reducing their
dropping probability through advanced reservation of cell resources along the path predicted by
the user profile. There are optimal values of the reservation distance (which is the distance prior to
a cell crossing when the reservation is attempted) and the reservation granularity (which is related
to the frequency of the re-attempts when a reservation attempt fails) which result in the maximal
improvement in dropping probability. Finally, we compare our approach with the static two-class
reservation scheme proposed in [11, 12], showing that our approach can achieve improved dropping
probability performance.

The remainder of this paper is organized as follows. Section 2 describes our profile-based cellular
network architecture and our channel-reservation algorithms. Section 3 outlines the concept of a
User Profile Register (UPR) and discusses its design. Section 4 introduces our user-profile-based
resource-management algorithm. Implementation details for the 3GPP network architecture have
been provided in Section 5. Section 6 describes our simulation model and Section 7 illustrates our

numerical results. Section 8 discusses related work in the field. Finally, Section 9 concludes the

paper.

2 Existing and Emerging Network Infrastructure

Figure 1(a) shows the components of a cellular network architecture? [3]. The Base Transceiver
Station (BTS) provides radio coverage to one cell. In the 3GPP architecture, the BTS is a specific
instance of a component known as Node B. The Base Station Controller (BSC) manages one
or more cells, and hence BTSs. A BSC is responsible for channel assignment and management of
handoffs between neighboring BTSs within its area of control. The Mobile Switching Center (MSC)
constitutes the interface between the radio system and the fixed network. It is responsible for (1)
setting up, managing, and clearing calls (connections); (2) routing incoming calls to the appropriate
cell; and (3) managing inter-BSC handoffs. The Gateway MSC (GMSC) performs routing of calls
to another MSC area, i.e., it manages inter-MSC handoffs.

*We have chosen the 3GPP network architecture for our examples, but the concepts outlined in this investigation

should translate easily to other wireless cellular architectures as well.
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Mobility management is supported by location registers. These registers contain information
on the location of a mobile user. The Home Location Register (HLR) is a database containing
user-specific data — such as user identity, subscribed services, and current user location — for all
users registered in a particular geographical area. The Visitor Location Register (VLR) contains
information about all users currently “visiting” its particular geographical area. The Authentication
Center (AuC) and the Equipment Identity Register (EIR) are additional databases which aid in

identification and authentication of mobile users.
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Figure 1: (a) Components of the 3GPP network architecture. (b) Network elements needed to

support profile-based channel reservation.

2.1 Infrastructure for LoCation Services

Wireless service providers are rapidly shifting focus from simple voice services to mobile LoCation
Services (LCS) [13, 14] which utilize a user’s position information to provide localized and person-
alized services. LCS is dependent on accurate positioning technologies which strive to measure the

geographical location of a mobile user as she moves through a wireless cellular network. Support
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for location measurement is still nascent in current wireless networks. Since location information

is a key component of the user profile, we briefly discuss the emerging LLCS architecture below.
Figure 1(b) shows the logical network elements required to implement location measurement

in a 3GPP network. All of these logical elements are implemented within the physical network

elements shown in Figure 1(a).

e Gateway Mobile Location Center (GMLC): The GMLC is responsible for interfacing with
the external world, i.e., with the LCS clients who request the mobile’s position. The GMLC
is responsible for authenticating the LCS client, requesting the mobile’s position with the
desired accuracy from the network, and performing any format conversion between the client

and the network.

e Serving Mobile Location Center (SMLC): The SMLC determines the geographical coordinates
of the mobile (and the potential error) in accordance with the quality requested from the
GMLC and the capability of the mobile. This logical element can be implemented as a
separate physical element or within the BSC.

e Location Measurement Unit (LMU): The LMU’s role is to help the SMLC take synchroniza-
tion measurements. LMUs can be integrated within Node B elements such as BTSs (Type
B LMUs) or can be distributed over the network (Type A LMUs). Its key function is to de-
termine the location and covert it into some meaningful coordinates X,Y. There are different
methods of doing this. (1) Cell-ID and Enhanced Cell-ID schemes locate the nearest tower,
and deliver the location of the mobile within a few kilometers. (2) E-OTD/TOA (Enhanced
Observed Time Difference/Time of Arrival) uses special transmitters, receivers, and RF sig-
nals (above and beyond those used to transmit the calls) to determine the distance of a device
from several towers. These distances can be used to determine the location of the mobile. (3)
Global Positioning System (GPS) uses receivers integrated into the mobile device to commu-
nicate with the GPS satellite constellation, and provides a highly accurate measurement of
the mobile’s coordinates. (4) Finally, there are software approaches to location measurement

based on the signal-strength information from a number of base stations.

In addition, the LCS architecture proposals suggest modifications to a number of existing net-
work elements [13, 14]. For external LCS clients, the MSC should be capable of verifying their
authenticity with help from the HLR database, in a manner similar to user verification done today.
The MSC should also be able to verify the capability of the mobile in delivering its position with
the required accuracy. The BSC should be modified to implement the SMLC functionality, or to
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control a number of physically-independent SMLCs. Finally, the Node Bs or BTSs have to be
modified to possibly include LMU functionality.

3 User Profile and User Profile Register

We introduce an architectural component called the User Profile Register (UPR) which is a
database similar to HLR and VLR. The UPR contains user-profile information which can be queried
for by the wireless network to provide differentiated services to its customers. A user profile consists
of mobility patterns and services accessed by the mobile user, tabulated against the time of the
day and the day of the week. It contains pointers to network elements which can provide real-time
values of the user’s location and velocity information. A UPR should have interfaces to external
information sources — such as network information databases, described later — to aid in QoS

management. The components of the UPR are outlined below.

e User Location Interface: This is a logical interface to devices such as the SMLC and the

LMUs which can provide real-time user location values to the UPR.

e User Velocity Interface: This logical interface will query the network element responsible

for real-time velocity estimation of a mobile user [10, 15].

¢ User Path Table (UPT): This table is an ordered list of the most probable paths a mobile
user could traverse at any given time on any day of the week. A mobile path is a list of
Cell-IDs which a mobile user traverses. For example, let < ¢y, co, ..., ¢, > represent a mobile

user’s path which starts from cell ¢; and ends in cell ¢,.

This path could contain a number of hot-spots. A hot-spot is defined as a collection of
cells within a geographical region where the mobile-user population density is very high,
e.g., greater than a pre-defined threshold. City downtown regions, train stations, airports,
or residential areas represent typical hot-spots. Hot-spots could be dynamic in nature, and
can change depending upon the time of the day, traffic conditions and special events. A city
downtown can be a hot-spot during the work day, while residential neighborhoods can become
hot-spots on weekends. The network can detect a hot-spot near a stadium on Superbowl
Sunday, while a snow storm could cause multiple hot-spots along the highways near Lake

Tahoe.

The user could make a call and terminate it at any point along this path, < ci,co,...,cn >.
If all the cells in a mobile user’s path are contained within a single hot-spot, the path is

considered internal to the hot-spot, and does not appear in the UPT.
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A User Path Table can include two types of paths:

— User-specified: These paths are defined by the user before usage. For example, a
user may define a few typical paths she might take during an average workday, when
signing up for the cellular service. Paths can also be defined using mapping services
such as MapQuest or using GPS devices by specifying the end points of the route. The
pre-calculated route can then be “pushed” out to the UPR.

— Statistical: The UPT could be initialized to an empty value or to the user-specified list
above. Subsequently, every time a path is traversed by the user, its ranking is increased
in the UPT. Over time, the UPT would typically converge to a fixed set of paths, as

users statistically take the same routes for the same chores.

e User Resource Table (URT): This table is an ordered list of resources (services) a mobile

user uses at any given time on any day of the week. The URT contains two types of entries:

— User-specified: The user could supply a list of services to be used for each path that
she could take. For example, voice services could be accessed during the drive to work

and back, while web services could be accessed during the lunch break.

— Statistical: The URT could be initialized to an empty value or to the user-specified list
above, and subsequently updated by a positive weight every time that service is accessed
along the mobile path. The URT will also be constantly updated, and it would converge

over time to a virtually static list.

e Interfaces to External Information Systems: This entry contains variables obtained
from external information systems such as network architecture databases or GPS and Global
Information Services (GIS) devices. For example, network architecture databases could supply
information about cell layout and sizes. GPS and GIS devices could supply real-time changes
in hot-spot definitions since, as discussed earlier, hot-spots could be dynamic in nature and

can change depending upon the time of the day, traffic conditions, and special events.

3.1 An Example

Consider the Greater Sacramento geographical region shown in Figure 2. We have highlighted the
trajectory of a mobile user traveling from the Arden Town suburb to Richards Boulevard, near
downtown Sacramento, to work. She would drive on Howe Avenue to US-50, follow US-50 West,

drive on I-5 North, and finally take the Richards Boulevard offramp, near downtown Sacramento.
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Figure 2: User trajectory and hot-spots in the Sacramento metropolitan area.

On most days, the user would use this trajectory in the morning. On certain occasions, perhaps
because of traffic congestion, she might take a separate route to work. While driving to work, she
might use voice services, while on a lunch break she might be more interested in data services, e.g.,
for catching up on personal email.

Initially, when the mobile user starts the use of wireless services, the UPT and the URT are
either empty or initialized by the user as described earlier. Every time the mobile traverses a new
path which does not exist in the UPT, or accesses a service along a mobile path that is absent from
the URT, an entry is added into these tables. Whenever the mobile repeats a particular path or
service, the weight of the entry is increased. The table is then re-ordered in descending order with

the largest-weight entry on top. Over time, a user profile would develop for this user. Her UPT
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would converge to show the highlighted route as the most probable path for weekday mornings.
The UPR would reflect her preference for voice during the commute period and data during lunch
time in her URT. To keep storage requirements for the profile tables small, less probable paths and
services could be phased out over time. The network could employ a multi-level virtual-memory-
like storage mechanism and caching schemes such as Least Recently Used (LRU) to keep a subset
of the table space in faster memory while phasing out the rest of the information to permanent

storage.

4 User-Profile-Based Differentiated-Services Architecture

A differentiated-services architecture based on user profiles would support different classes of service,
each providing different QoS. In order to implement such an architecture in a wireless network, the
following two key components should be designed, namely (1) a call-admission-control algorithm
and (2) a call QoS control framework. A call-admission-control algorithm attempts to regulate the
number of users who are admitted into the network. This control operation merits a separate in-
depth investigation, and could be performed based on network load [16], pricing models, or classes
of service.

In this work, we mainly focus on a call QoS control framework, which is a set of algorithms and
policies that perform resource management in the cellular network and that attempt to guarantee
the required QoS to the users admitted into the network. User-profile-based call QoS control
algorithms utilize the statistical profiles of the mobile user to manage and control the network
resources in order to guarantee the negotiated QoS.

For this study, we have considered two classes of service, for two types of users — (1) profiled
users who subscribe to the profiling service, expect better QoS, and hence pay more, and (2) non-
profiled users who pay less and expect a “best-effort” service from the network. Below, we outline

our user-profile-based resource-management algorithm.

4.1 PARMA: Profile-Assisted Resource-Management Algorithm

Figure 3 shows a part of the trajectory of a user commuting from the Arden Town suburb to
Richards Boulevard, near downtown Sacramento. The steps a cellular network would take to
reserve resources for a profiled user are outlined below; these steps form our profile-assisted resource-

management algorithm (PARMA).

1. When a mobile user is close to a cell boundary, the network would consult its subscriber

database to find out whether the user is a profiled customer.



Differentiated-Services Architecture Using User Profiles

Pandey, Ghosal, and Mukherjee 10

100m
=S
Reservation Attenpts

n
i
s i
e i
=S i
!
\
i

1
j
I
! o
g &
o I -
= 5
-~ 1 ! <
=0 New Cell (2) a
= | | 5}} é_‘;
[
- z é?
; ]
T *
i | \ =
2l arns B ¥ P
H \

i \ S N S
\ \ N '\.
—— N Poi nt A
\ \ \
odcell(t) A . N
X \
\ \ \
/(\\ N \

. . \ \
reservation- N \
granularity

S 2000 MapJuest.com, Inc. ©@E2000 Naviastion Technobaies

. \ .
reservation di stance
S es s S

Figure 3: Illustration of PARMA.

2. If the user does not subscribe to the profiling service, then she travels to Point A and attempts

a handoff to Cell 2. If there are no channels available in Cell 2 at this handoff instant, the
user gets dropped.

3. If the user is a profiled customer, the network consults the UPR and extracts the user’s
resource requirements from the URT. For the purpose of this discussion, let us assume that

the top-most entry in the URT for this part of the mobile’s path is voice services, and hence

would simply need a channel reservation in the target cell.

4. The network tries to predict the target cell, based on the UPT and the current location and
velocity of the mobile.

5. The network would then attempt to reserve a channel in advance for the user in Cell 2 when

the user is at a distance r4 from the cell boundary, where r4 is known as the reservation
distance.

6. If the reservation attempt succeeds, the user is handed off to Cell 2 on the reserved channel at

Point A. If the reservation fails, the network re-attempts the reservation every r, (reservation

A.

granularity) distance apart, till the reservation succeeds or till a handoff takes place at Point
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7. If the reservation is unsuccessful till Point A (even after several attempts), then the user
session gets dropped. By allowing multiple reservation attempts, the dropping probability of

a profiled user can be substantially reduced.

As mentioned in Step 1, PARMA is initiated when the mobile user is close to a cell boundary.
There are two key approaches to proximity evaluation, and both approaches are conceptually
equivalent. In the first approach, the mobile device measures the signal strengths from adjacent
base stations and reports this information to the BTS. The network could then decide, based on
these measurements, whether the user is “close enough” for PARMA initiation. In the second
approach, the network could keep track of the velocity (speed and direction) of a mobile user.
Knowing the trajectory of the user from the user profile, the network can then calculate when
handoff would occur. Therefore, based on this calculation, the network can decide when to initiate
PARMA. In our study, we choose the first approach to measure a user’s proximity to a cell boundary.

Though we have considered channel reservation to highlight our algorithm, PARMA is much
broader in scope. Any user-specific resource, as defined in the URT for the profiled user, can be
allocated for in the target cell. Resources such as the browser cache [17] for mobile browsers,
session and state information for data connections, application proxy states for thin clients running

on mobile devices, etc., can all be reserved in the target cell through PARMA.

5 Design and Implementation Issues

In this section, we provide some guidelines to implement PARMA in a 3GPP network architecture.
First, we describe the modifications we need to perform to the existing network components to

support PARMA, and then we propose a possible implementation.

5.1 Modifications to 3GPP Network Elements

We can leverage the location-measurement infrastructure described in Section 2 for obtaining cur-
rent updates to the position of a profiled user. Furthermore, we have to modify some of the network

elements to support PARMA.

e The SMLC should be modified to store a short history of the mobile’s position instead of
storing just the current position. The size of this history depends on the accuracy of the

path-prediction algorithm.

e The UPR database should be implemented to include the profile tables and real-time values for

each mobile user in her home area. Each UPR should also be able to accept and incorporate



Differentiated-Services Architecture Using User Profiles  Pandey, Ghosal, and Mukherjee 12

updates to user profiles available from the MSC.

o Logical interfaces should exist between the UPR and external information databases and
systems, such as the HLR, network architecture databases, the LMUs, and the SMLC. The
HLR interface would aid the UPR in gathering subscription information about a user. Net-
work architecture databases would provide information on hot-spot definitions and cellular
layouts. LMUs and the SMLC would provide current location information and would assist

in user-velocity estimation.

e The software in the MSC should be enhanced to statistically update the UPT and the URT
as described in Section 3. The MSC should be able to make corrections to the user profile
depending upon the success or failure of the user-profile-based path-prediction process and
the services which the user has accessed, by increasing the “rank” of successfully predicted
paths and resource requirements in the UPT and URT, respectively. The MSC should then
provide this feedback to the UPR database.

5.2 Implementation of PARMA

Figure 4 shows the message sequence chart for PARMA. In current networks, a mobile device
periodically sends a list of BT'Ss and their signal strengths to the current BTS for the purpose of a
handoff, using a SignalStrengthList message. In Global System for Mobile Communications (GSM)
networks, a mobile device usually sends a list of the 16 strongest BTSs to the current BTS. The
current BTS, with help from the MSC, uses this information to decide the target handoff cell. We
can modify the BTS software to trigger a PredictTargetCell signal to the MSC whenever the signal
strength of another BTS comes within a trigger threshold (S7) of the signal from the current BTS.
We study the impact of this threshold on network performance in Section 7.

On receiving the PredictTargetCell signal, the MSC sends out a GetLocation message to the
SMLC requesting the past few coordinates (positional history) of the mobile user. The SMLC
functionality can be modified to keep track of the positional history of a mobile user. The length
of this history can vary depending on the accuracy of the path-prediction algorithm. On receipt of
GetLocation, the SMLC forwards the positional history of the mobile to the MSC. For performing
path prediction, the MSC also requires the user’s path profile (UPT) and the current velocity
of the user which are stored in the UPR database. It also requires the URT for gauging the
resource requirements of the mobile in the target cell. The GetProfile and SendProfileList messages
accomplish this task.

On receiving the current location, velocity, and the UPT, the MSC performs path prediction and



Differentiated-Services Architecture Using User Profiles  Pandey, Ghosal, and Mukherjee 13

MobleDevceI Current BTS I Target BTS I ShiLC I MSCALR I LFFR I

SignalStrengthList
[MobilelD, Signallist]

PredictTargetCell

[MobilelD, Cell-1D,
Signallist]

Getlocation
[MabilelD]

SendLacationlizt
[fobilall, LocationLi;lL/

a
GetProfile E
[MobilelD]
SendProfilelist
[MobilelD, User Profild]
Path Pr@
AllacateResource
[Mabilell
Mobile Handoffto Target BTS
Handoffstatus
[Mobilall, Cell-10]
UpdateTable
Thabilell, Cell-I] =

Figure 4: Message Sequence Chart for Profile-Assisted Resource Management Algorithm.

informs the most probable target BTS to reserve resources for the mobile depending on the most
probable services accessed by the customer. If the trigger threshold, St, is designed accurately, the
handoff will occur immediately after the AllocateResource message, and the transition to the new
cell will be smooth. After the mobile undergoes the handoff, the new BTS sends a status update
to the MSC through the HandoffStatus signal and includes its own Cell-ID. The MSC checks the
Cell-ID to confirm whether this was the cell to which it had sent the AllocateResource message.
HandoffStatus also mentions whether the resource reservation was sufficient or whether the BTS
had to allocate fewer or more resources. Finally, the MSC updates the UPT and the URT at the

UPR based on the results of the comparison in the previous step.
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5.3 Design Issues

There are several issues to consider when implementing PARMA in a wireless network. In this

section, we outline some design issues, and we also generalize on the basic scheme presented earlier.

1. Speed-Modulated Reservation Granularity: When calculating reservation re-attempts to the
target cell, PARMA could take the velocity measurements into account to dynamically modify
the reservation granularity. The speed at which a user is traveling towards the target cell

would determine how small or large the reservation granularity should be.

2. Direction-Modulated Reservation Granularity: The direction of movement of a profiled user
with respect to the cell boundaries also plays an important role in the implementation of
PARMA. Consider a user who is moving almost tangentially to the cell boundary. The mobile
device’s list of strongest BTS signals could change very frequently over time, hence triggering
very frequent reservation attempts. Therefore, by using direction information coupled with
the network’s information of cell boundaries, PARMA can employ techniques such as hys-
teresis and signal thresholds — which are used to avoid the ping-pong effect in handoffs [18]

— to reduce unwanted reservation re-attempts.

3. Hot-spot Modulated Reservation: The number of permutations of highways and freeways
which a user can take to travel between a pair of hot-spots is generally expected to be quite
small. Therefore, over time, inter hot-spot portions of a UPT entry tend to converge to a few
fixed paths. Hence, path prediction can be performed on inter hot-spot paths with sufficient
accuracy by consulting the UPT entries for the user. Moreover, fast table lookups will reduce

overheads for resource reservation.

Intra hot-spot paths are more difficult to predict since the number of permutations of streets
that can be taken to reach the destination could be significantly larger as compared to the
inter hot-spot scenario. Once the network has determined that the user has entered an intra
hot-spot region of her mobile path, the network should solicit help from velocity-estimation
algorithms and location-measurement technologies to better predict the user’s target cell. The
positional history coupled with the current speed and direction measurements will provide
better rules for selecting the most probable path in the UPT and, hence, the most probable
target cell. This modification will cause some extra overhead at the MSC, but will provide

better estimation of the target cell and, therefore result in less resource wastage.

4. Macrocell Reservation: Hot-spots are regions of high mobile-user population density. For such

geographical areas, the concept of a microcellular/macrocellular multi-tier architecture has
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been proposed [19, 20, 21, 22] to provide greater channel capacity through microcells while

providing better management using the overlayed macrocells.

If all resource-reservation attempts are unsuccessful, a handoff takes place; and if there are no
available resources in the target microcell, the overlayed macrocell can be used to temporarily
“hold” the session (and resources) of a profiled user. Under these circumstances, PARMA
would keep re-attempting the reservation requests in future target microcells. The goal would

be to vertically handoff the session to a microcell at the first available opportunity.

5. Reservation Granularity versus Round Robin: PARMA introduces the concept of reservation
granularity. Resource-reservation requests are re-attempted after every r, distance till the

request succeeds, or a handoff takes place resulting in success or a dropout.

Instead of the above strategy, all resource-reservation requests could be queued in the target
cell if they were unsuccessful on the first attempt. The network could then use a round-
robin scheme to scan through the queue and re-attempt each request. The request would get

dequeued on a reservation success, or on a successful or unsuccessful handoff.

6. Signaling Overheads: Though we have shown nine messages for implementing PARMA (see
Figure 4), the overheads are minimal as most messages can be piggy-backed on existing
signals, as described below. To aid in handoffs, a mobile device periodically sends the list of
closest BTSs to its current BTS. The current BTS can use the same message, coupled with
a threshold, S, to trigger the PredictTargetCell message. GetLocation and SendLocationList
will soon be implemented in the 3G networks to provide LCS. GetProfile and SendProfileList
can be piggy-backed onto HLR database queries for authentication and authorization most of
the time (if UPRs are implemented as a part of the HLR database). Moreover, user profiles
can be cached in the VLR database inside the MSC and updated at the UPR once the mobile
leaves that location area. The Allocate Resource signal is sent to a target BTS after a handoff
decision has been made. For PARMA, we send the signal just after path prediction, imposing
no extra overheads. Similarly, the HandoffStatus signal is sent irrespective of whether PARMA

has been implemented.

The additional signals in PARMA include the PredictTargetCell and UpdateTable messages.
Moreover, there is some overhead in executing the path-prediction algorithm at the MSC.

Hence, the path-prediction algorithm should be lightweight.
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6 A Quantitative Analysis

We have studied the performance of PARMA using detailed simulation experiments and an approx-
imate analytical model. Even though we have tried to create an accurate simulation model, we had
to make a few deviations from the practical implementation to better analyze the problem. The

following section describes our simulation model and how it relates to the practical implementation.

6.1 Simulation Model

We have simulated a single-tier cellular network architecture. The primary resource accessed by
cellular users in this network are channels. There are a limited total number of channels, C,
available to the network which are allocated to cells using fixed-channel allocation with a static
reuse pattern [23]. The reuse distance ratio, i.e., the ratio of the cell radius to the distance from
the center of the cell to the next co-channel cell, is denoted as R.

We employ a hexagonal cell structure with a cell radius of ¢ km. We model a limited user
population of U users at any given time in the network, out of which a fraction p of the users are
profiled. To model the density of users within hot-spots, we use the following algorithm, assuming

a circular hot-spot with a radius of H:

1. Choose (or define) the hot-spot radius, H.
2. Choose an angle (6) as a uniform random number between 0 and 2.

3. Once J is fixed, choose a uniform random number p between 0 and H. Place a user at an

angle ¢ and at a distance of p from the center.

4. Repeat steps 2-3 for each user in a hot-spot.

When this algorithm is used repeatedly, it results in the user density shown in Figure 2, which
closely approximates the characteristics of a hot-spot. There are H hot-spots in the region covered
by the network. The size and location of these hot-spots can be defined using a graphical interface
(which we have developed) to the simulation.

Traditionally, user mobility in wireless and cellular networks has been modeled using simple
Brownian-motion or random-walk approximations [21, 24]. For our investigation, we assume that
each user has a different direction of movement (D) and speed (V). In reality, a user would have
varying speeds and directions over her trajectory depending on the constraints of her terrain and
the configuration of the highways pathways. For the purpose of this study, we assume that we can

accurately predict a user’s trajectory at every given point in time. Hence, modeling each user with
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a fixed direction of movement does not affect our simulation results. V is chosen uniformly between
a specified speed range.

For simulation purposes, PARMA uses the concept of reservation distance to reserve channels
for profiled users as described in Section 4.1. In effect, we require a threshold to trigger the channel-
reservation algorithm when a profiled user travels close to the edge of a cell. In practice, a threshold
on the received signal strength can be used for triggering the algorithm, as described in Section 5.2.
Therefore, all the results we have obtained with respect to reservation distance in hexagonal cells
are applicable in practice using signal-strength thresholds in arbitrary shaped cells.

We assume that new-calls arrivals into the network follow a Poisson distribution with parameter
A calls/sec. Call-holding time is assumed to follow an exponential distribution with a mean of 1/

seconds.

6.2 Performance Metrics

e Total blocking probability, Py, is defined as the ratio of the total number of calls blocked or
dropped to the total number of new-call attempts made. The total number of calls blocked
is the sum of the total number of new-calls blocked and the total number of handoff calls

dropped.

e Dropping probability, P, is the ratio of the number of calls dropped due to a failed handoff

to the number of calls which successfully entered the network.

o Improvement in Dropping Probability, vy, is the reduction in dropping probability of a profiled
user as compared to a non-profiled user. If Py, is the dropping probability for profiled users

and Py, is the dropping probability for non-profiled users, then =y is defined as:

— Py,
— = % 100% 1
P 0 (1)

6.3 Default Parameter Values

Unless otherwise mentioned, the default values for the various parameters are shown in Table 1.

Other operating parameters will be introduced when necessary.

7 Results and Discussion

Figure 5 shows the dropping probability for profiled and non-profiled users as a function of the
call-arrival rate for C = 400 channels. As expected, dropping probability for profiled users is

significantly lower than that for non-profiled users. Figure 6 shows the improvement in dropping
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Table 1: The default values of the various parameters.

Parameter Description Value

H Number of hot-spots 3

H Hot-spot radius 3 km

A Number of cells in region 20%20

c Cell radius 0.5 km
C Total number of channels 400

R Reuse distance ratio 2

|4 User speed (range) 25-40 mph
U Number of users 10,000

P Fraction of profiled users 0.4

rq Reservation distance 0.2 km
Tg Reservation granularity 0.01 km
1/p Mean call-holding time 120 sec
A New-call arrival rate 0.025 calls/sec

probability, v, experienced by profiled users as the new-call arrival rate is increased from 0.005
calls/sec to 0.05 calls/sec for C = 300 and C = 400 channels.

Let us examine the improvement in dropping probability shown in Figure 6 in relation to the
absolute values of the dropping probabilities of profiled and non-profiled users shown in Figure 5.
At the left extreme of both figures, when X is small (e.g., when A = 0.005 calls/sec), the load to the
network is very light. Hence, very few handoff attempts of both profiled and non-profiled users get
dropped, as observed in Figure 5. Therefore, reserving channels for profiled users in advance does
not result in a large . At the other extreme, when A is large (e.g., when A = 0.05 calls/sec in this
example), the network load is high. A significant number of the channel-reservation requests for
profiled users get blocked. This causes the dropping probability for both non-profiled and profiled
users to be close to each other, resulting in a small v. When the network load is moderate, the
profiled users obtain the most benefit from channel reservation. As can be observed in Figure 5,
the dropping probability for non-profiled users keeps increasing even at moderate load, while the
dropping probability for profiled users starts to flatten out, benefiting from the reservations. This
results in a substantial improvement in dropping probability, with a peak occurring at A = 0.025

calls/sec (for C' = 400 channels), when we observe an improvement of 37%. For C = 300 channels,
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v peaks at 34% for A = 0.02 calls/sec.
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Figure 7 shows the dependence of v on the reservation distance, r4. It should be pointed out that

the region of the figure where r; > 0.3 is not practical, since the network should not start reserving
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channels for a profiled user when that user is half a cell radius away from the cell boundary. Hence,
we have not shown results for r; > 0.3 in our figures. We observe that the there is an optimal
value of r4 (at r4 = 0.2 km) which results in the maximum improvement in dropping probability.
When r4 is small (e.g., at 74 = 0.05 km), the reservation attempts are made too close to the cell
boundary. Hence, there is not enough time to recover from a failed reservation attempt before the
handoff occurs. Therefore, the dropping probabilities of non-profiled and profiled users differ by
a small margin resulting in a small 4. When ry is too large (e.g., at 0.25 km and beyond), the
channel-holding time of profiled users is inflated by a large amount which causes the overall load
in a cell to increase. This results in large dropping probabilities for both profiled and non-profiled
users. Thus, we observe a small improvement in the dropping probability.

Figure 8 shows the variation in v with respect to the reservation granularity, ry. Again, we
observe an optimal value of ry (ry = 0.01 for C = 400) which results in the maximum improvement
in dropping probability. The reason for this optimality is very similar to the one presented above.
If we keep 74 small, the network makes a large number of reservation attempts on behalf of the
profiled user. Though this should improve the dropping probability of profiled users, a very small
value of 74 results in higher load to a cell, and hence a large dropping probability for non-profiled
as well as profiled users. This results in a small 7 as can be seen in the left region of the Figure 8.
When 7, is large, there are not enough reservation re-attempts for profiled users. Hence, there is
very little difference in dropping probabilities between non-profiled and profiled users.

Figure 9 shows « as the fraction of profiled users (p) is changed from 0.1 to 0.9, keeping the
new-call arrival rate constant at 0.025 calls/sec. We observe that the improvement increases with

p till around p = 0.3 to p = 0.5, and then decreases.

7.1 Mathematical Model

To understand the problem better, and to quickly analyze the approximate benefits of our profile-
based scheme, we have developed a simple analytical model for our network [25]. Figure 10 shows the
results obtained through our mathematical analysis, for the default parameters shown in Table 1.
The analysis shows a similar trend in  as the simulation, including the peaks. Moreover, the
analysis runs much faster, and can be used to obtain an approximate value of the improvements
in dropping probability for large networks. The discrepancy between analysis and simulation can
be attributed to the approximations we had made for analytical tractability. They include: (1)
approximating a finite user population by an infinite one, (2) assuming that users are distributed
uniformly over the network instead of being concentrated in hot-spots, (3) modeling user mobility as

uniform fluid-flow with equal probability of handoff to the neighboring cells, and (4) approximating
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handoff calls arriving into a cell by a Poisson process.
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Figure 9: v for varying fraction of profiled users. Figure 10: Mathematical analysis for 7.

7.2 Comparison with Two-Class Scheme

In this subsection, we present a comparison of the scheme proposed in [11, 12] with our scheme.
Henceforth, we shall refer to this other scheme as the Two-Class (TC) scheme, and our scheme as
the PARMA scheme. The TC scheme divides the number of available channels in a cell into two
groups. Hence, G channels out of m are reserved beforehand for use by profiled users only. The
remaining m — G channels are used by all new-call arrivals and the handoffs of non-profiled users.
The m — G channels could also be used by the profiled users in the case when all G channels have
already been occupied. Therefore, in the TC scheme, the following algorithm is followed (shown in

Figure 11).

e On a new-call arrival or a handoff, check whether it is a non-profiled user. If yes, try to set

up the call on one of the m — G channels. If all the m — G channels are busy, the call gets

blocked.

o If the call is a new-call or a handoff from a profiled user, try to set up the call on one of the G
channels. If all G channels are busy, try to set up the call on the remaining m — G channels.

If all channels are busy, the call gets blocked.
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In Figure 12, we compare the improvement in dropping probabilities obtained through both

schemes.

To establish a common comparison platform, we fix the new-call arrival rate to the

network at 0.02 calls/sec, and the total number of channels to be C = 300. All other simulation

parameters employ the default values described in Section 6, except G for the TC scheme, and r4

and 74 for the PARMA scheme. It should be noted that we use the network architecture defined in

Section 6 for both the schemes, while the authors of the TC scheme have used a different network

model.
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In Figure 12, we plot the best v we could obtain for the above-mentioned network parameters,
by varying rq and ry for the PARMA scheme (shown as the straight line in the figure). For the
TC scheme, we vary the number of reserved channels, G, and plot the improvement in dropping
probability. In Figure 13, we plot the total blocking probability for the two schemes for the same
operating parameters. By comparing these two figures, we make the following observations.

For a given total blocking probability, the PARMA scheme produces a larger improvement in
dropping probability. This can be explained intuitively using queuing theory. The PARMA scheme
can be roughly modeled as a single finite-buffer, multiple-server queue (or an M/M/m/m queue),
while the TC scheme can be modeled as a multiple-server queue with two finite buffers — one each
for profiled and non-profiled users. The two-buffer scheme performs less “load sharing” than the
single-buffer scheme, i.e., it is more probable in the two-buffer scheme that a server is idle when
another is heavily loaded. On the other hand, we can make 7 very large in the TC scheme by

increasing G, at the cost of increased blocking probability of non-profiled users.

8 Related Work

The idea of user profiles has been proposed in the literature in the context of the mobility manage-
ment for wireless and mobile networks [26, 27, 28, 29]. These studies have focused on user tracking
and location issues. The authors in [30] propose a shadow cluster scheme for estimating future
resource requirements in a set of cells which a user is likely to visit in the future, but the work does
not state how to determine the shadow cluster in a real network. User mobility and path prediction
have been studied in [31, 32, 33, 34].

There have been a number of recent studies in the area of providing QoS to mobile users,
especially for multimedia traffic [35, 36, 37, 38, 5, 39, 11, 12, 40, 17, 41].

The study in [36] proposes a call-admission-control algorithm for QoS provisioning in multime-
dia wireless networks. The work studies an adaptive resource-sharing policy among real-time and
non-real-time traffic, where real-time traffic has preemptive priority over non-real-time traffic. The
authors in [37] proposed a bandwidth-reservation scheme to guarantee QoS to multimedia traffic
based on users’ minimum resource-requirement specifications. Bandwidth was reserved in neigh-
boring cells irrespective of the final destination of the mobile user. A cellular network consisting
of multiple classes of users with varying bandwidth requirements has been examined in [38]. This
work examined network performance with quotas set for different resources and a higher priority
set for handoff calls over new calls. At the application layer, for wireless web traffic, [17] proposes

a cache relocation scheme based on a mobile user’s path profile to enhance the user’s browsing
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experience within a cellular network.

The concept of graceful degradation of services in the network to support an increased load
was proposed in [39]. A user can supply a loss profile, i.e., the amount of service degradation
each application is willing to accept, which is used by the network to admit a larger number of
users. In [40], the authors have proposed an integrated framework for QoS provisioning at the
radio-link layer in packet-switched cellular networks for real-time and non-real-time traffic. The
approach combines channel reservation, bandwidth compaction, and bandwidth degradation to
provide differential treatment and guarantee QoS.

The two-class scheme [11, 12] mentioned in Section 7.2 proposes a channel-partitioning scheme,
where one set of channels is used exclusively by the higher-priority profiled users, while the other
set can be used by regular (non-profiled) users as well as profiled users. The authors provide an
algorithm which can be used to reserve channels in handoff target cells. The study in [41] proposes
a new user-path-prediction technique for mobile users and utilizes this algorithm to provide better
QoS to all users in a cellular network.

While most previous work examined channel reservation, path prediction and call admission
control [42, 43, 44] as separate issues in a cellular network, some recent studies [40, 17, 41] have
attempted to combine these concepts in a unified framework. Out of this body of work, the authors
of [11] and [41] study the problem of channel reservation in the context of circuit-switched cellular
networks consisting of voice traffic. In [11, 12], the authors present a static partitioning of the
available channels, while [41] studies channel reservation only for a single class of mobile users.

Most studies have utilized fixed allocation of a set of resources for profiled users. Such ap-
proaches would lead to higher QoS at the cost of low resource utilization. In our present work,
we have studied the characteristics of an on-demand resource-reservation algorithm which provides

high QoS while maintaining high resource utilization.

9 Conclusion

With the continuing deployment of intelligent network components, it is becoming easier to collect
and maintain accurate real-time data on the location, the velocity, and the resource requirements of
a mobile user. These data can be used to develop user profiles, and they can also be aggregated to
develop mobility and resource-requirement patterns of users in a region. We have made the following
contributions in this work: (1) We have described the design and implementation of a scheme,
called PARMA, which utilizes user profiles to provide better QoS to mobile users in a wireless

network. Specific implementation details have been proposed for the 3GPP network architecture,
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though the concepts would be broadly applicable to most wireless network architectures. (2)
There are numerous challenges and design issues in implementing such a scheme for the next-
generation wireless networks, and we attempt to resolve some of these design issues. (3) Through
detailed simulation, we have studied the benefit of user profiles in improving the QoS of cellular
customers. We have studied a resource-allocation scheme using the concept of reservation distance
and reservation granularity. We have shown that this concept can produce significant improvement
in dropping probability of profiled users over their non-profiled counterparts. We showed that
there are optimal values of the reservation distance and the reservation granularity parameters

which result in maximal improvement in dropping probability.
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